Objective-To evaluate the feasibility and hearing outcome of a biocompatible degradable dexamethasone releasing implant for continuous drug delivery to the round window membrane in patients with idiopathic sudden sensorineural hearing loss (ISSHL) and insufficient recovery after systemic high dose glucocorticoid therapy.
Introduction
Intratympanic glucocorticoid application appears to be beneficial as salvage (rescue) therapy in idiopathic sudden sensorineual hearing loss (ISSHL). Several application strategies have been suggested. Due to their feasibility, the most commonly used are single or repeated injections through the tympanic membrane (1, 2) . The round window membrane (RWM), however, shows various degrees of obstruction in 1/5 th to 1/3 rd of the cases (3, 4) . "Blind" intratympanic injections thus involve the risk of the drug not reaching the RWM. Therefore, standard or endoscopic tympanoscopy have been suggested for middle ear exploration and assessing the necessity for removing RMW obstructions (5) (6) (7) (8) (9) . The width and shape of the ear canal and the limitations of the mini-endoscopes, however, do not in all cases allow a sufficient visualization of the RWM. Standard middle ear exploration with raising a tympanomeatal flap may cause bleeding (especially in patients on aspirin or coumarin derivates) and subsequent blockage of the RWM.
Since the time the drug is in contact with the RWM essentially determines the drug concentration in the inner ear (10, 11) , repeated single shot applications or continuous drug delivery have been suggested (12, 13) . Continuous drug delivery can be realized through implantation of a catheter into the middle ear connected to an external pump (14) (15) (16) or by biopolymers with controlled drug release properties of which a variety is currently been investigated for inner ear drug applications (17) (18) (19) (20) . Currently, however, no controlled release biopolymer is approved for local drug delivery to the inner ear. Therefore, in a limited number of patients with ISSHL and insufficient recovery after systemic high dose glucocorticoid therapy, we adopted an approved intravitreal implant for continuous dexamethasone application to the inner by implantation into the RW niche.
Methods
Between September 2011 and December 2012 five patients were treated with controlled release dexamethasone (DEX) implants in the RW niche as salvage therapy of ISSHL. All patients fulfilled the diagnostic criteria for ISSHL (2) . In one patient the sudden hearing loss showed a possible association with an upper respiratory infection (patient 5, table 1). All patients were initially treated with high dose intravenous prednisolone (250 mg/d [200 mg/d for <70kg body weight]) over three days with subsequent dose reduction (2d 150mg, 2d 100mg, 2d 50mg, 2d 25 mg, 2d 12.5mg). Key demographic figures and patient characteristics are described in detail in tables 1 and 2.
The various therapeutic options for salvage therapy (see introduction) were discussed with the patient and informed consent was given for this individual treatment regimen involving a DEX releasing implant, approved for intravitreal use OZURDEX® (Allergan Inc., Irvine, CA, USA). The implant contains 0.7 mg dexamethasone in a poly(D,L-lactide-co-glycolide) PLGA polymer matrix containing a mixture of polymer chains with free and esterified carboxylic end groups without a preservative. The PLGA matrix slowly degrades to lactic acid and glycolic acid. The implant is approximately 0.46mm in diameter and 6mm in length. For intravitreal application, the rod-shaped implant is injected from a device consisting of a hollow stainless steel needle in disposable applicator. For the adopted local controlled release drug delivery to the inner ear the implant was removed from its applicator and cut into 3 to 5 pieces of approximately 0.8 to 1.5mm each, according to the size of the human RW niche (1.55 mm; range 0.8-1.6 mm by 1.2 mm; range 0.8-1.6 mm (21).
After raising a tympanomeatal flap, the middle ear and especially the oval and RW niches were inspected with the operation microscope and an endoscope (1.7mm, 30°). After no signs of an oval or RW fistula were found, the DEX-PLGA controlled release implant pieces were placed in the RW niche through transportation with a 0.7 mm suction tip. The implants were held in place with drops of fibrin glue. The tympanomeatal flap was then replaced and a standard ear canal dressing was inserted. Dressing and sutures were removed 8-10 days after the procedure. The surgery can be performed with local anesthesia. In the presented cases, however, the patients requested general anesthesia. Pure-tone and speech audiometry (German Freiburger monosyllables) were performed with an Auritec AT900 clinical audiometer (Hamburg, Germany) and Bayer Dynamic DT48A calibrated headphones (Berlin, Germany) in a sound-attenuated booth (Industrial Acoustics Company, Niederkrüchten, Germany). Thresholds at frequencies of 0.5, 1, 2, and 4 kHz (4PTA) were averaged.
Results
The implants were surgically placed without major difficulties (figure 1). Special care, however, has to be taken when placing the implants onto the RWM. The pieces of the rigid implants may show sharp edges at their breaking points. No complications like infection, worsening of hearing or tympanic membrane perforation were observed. In the eye, the slow disintegration of the implants can be evaluated by funduscopy initially observing an opaque, round cylinder, which becomes smaller, translucent, and fragmented from day 60 onward (22) . In the ear, the process of disintegration could not be evaluated, since for ethical reasons the middle ear was not re-opened.
The mean hearing threshold (4PTA) significantly improved at follow up (217±62 days after implantation) by 31±31 dB HL (from 94±27 to 63±36 dB HL; p<0.05, paired student t-test, MS EXCEL 2011 for MAC version 14.3.9). Two of five patients recovered completely. One of these two patients (nr. 5 in table 1) had a recurrent episode of sudden hearing loss six month after the initial intratympanic treatment, which again was possibly associated with an upper respiratory tract infection. Hearing loss recovered completely within one week during systemic therapy with steroids. One patient showed partial hearing recovery with serviceable hearing, i.e. a maximum speech discrimination of 100% for monosyllables in quiet under amplified conditions (95dB SPL). Two patients with anacusis (no measurable threshold) from 1 kHz onward showed no signs of recovery. Audiological results for each patient are provided in detail in table 2.
Discussion
The intravitreal controlled release dexamethasone drug delivery system which was adopted for the implantation in a selected group of patients with ISSHL is primarily indicated for the treatment of macular edema following branch or central retinal vein occlusion and for the treatment of patients with inflammation of the posterior segment of the eye presenting as non-infectious uveitis (23) (24) (25) . Pharmacokinetic studies in the eye of monkeys showed that DEX concentration in the vitreous humor was characterized by two distinct phases: From days 7 to 60, high concentrations of DEX were detected. At days 90 to 180, DEX release was sustained at low concentrations, and from days 210 to 270, DEX was below the limit of quantification (22) .
By the means of computer simulations it can be estimated that a solid controlled release drug delivery system will deliver more drug to the inner ear than multiple intratympanic injections of DEX solution, (see text and figure 2 in supplementary content 1, describing the method and results of the computer simulations). Based on experience from treatment of Menière's disease by intratympanic injections of gentamicin, there is evidence that continuous application protocols result in higher cochlear doses associated with higher risk to hearing but without increasing the success rate concerning the control of vertigo (26) .
For the treatment of inner ear disorders, controlled release biodegradable polymers (gels or solid implants) have been suggested promising drug delivery strategies (13, 17, 18, 20, 27) and continuous intratympanic application of glucocorticoids has been favored by several clinical studies (14, 15, 28, 29) . Intratympanic injections show a fast loss of drug from the middle and inner ear (10, 30) . Even repeated applications show a poor level of control, and implanted catheters with external pump systems are limited in their feasibility (4, 13) .
Although the amount of secondary recovery in this small group of patients appears promising, due to the small number of patients, the experience to date is limited. The 4PTA threshold values in the three patients with profound hearing loss are at least partially based on non-measurable ("out of range") frequencies, which have been dummy-coded with a level of 120 dB HL as suggested previously (31) (32) (33) . Nevertheless, since no drug is approved so far for local therapy of inner ear disorders accompanied by increasing evidence for the effectiveness of intratympanic glucocorticoids as salvage therapy in ISSHL and the rapidly growing number of preclinical data on controlled drug delivery to the inner ear using biodegradable polymers, the above observations encourage following this approach further. For application into the RW niche, development of more suitably shaped controlled release devices (e.g. a disc with smooth edges fitting onto the RWM) would be beneficial. Additional studies, such as extended case series compared to historical controls, the results of which could form the basis of randomized controlled trials, are necessary. Due to the greater invasiveness as compared to intratympanic injections, these studies will most likely be first designed as secondary or tertiary strategies in patients with higher degrees of ISSHL.
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